Coccidioidomycosis is a potentially severe infection caused by dimorphic fungi Coccidioides immitis and Coccidioides posadasii. Although guidelines are well established, refractory disease is a matter of concern in the clinical management of coccidioidomycosis. In the present study three isoniazid-derived hydra-
pyridine-4-carbohydrazide were synthesized and evaluated for antifungal activity against C. posadasii. Susceptibility assays were performed by macrodilution testing. Interactions between the hydrazones and amphotericin B or itraconazole were evaluated by the checkerboard method. We also investigated the impairment of such compounds on cell ergosterol and membrane integrity. The synthesized molecules were able to inhibit C. posadasii in vitro with MIC values that ranged from 25 to 400 mg/mL. Drug interactions between synthesized molecules and amphotericin B proved synergistic for the majority of tested isolates; regarding itraconazole, synergism was observed only when strains were tested against N 0 -[(E)-1-(phenyl) ethylidene]pyridine-4-carbohydrazide. Reduction of cellular ergosterol was observed when strains were challenged with the hydrazones alone or combined with antifungals. Only N 0 -[(E)-1-(4-methylphenyl) ethylidene]pyridine-4-carbohydrazide altered membrane permeability of C. posadasii cells. Isoniazidderived hydrazones were able to inhibit C. posadasii cells causing reduction of ergosterol content and alterations in the permeability of cell membrane. This study confirms the antifungal potential of hydrazones against pathogenic fungi.
Introduction
Coccidioidomycosis is a deep-seated disease that occurs exclusively in arid and semiarid areas of the Americas. The disease is caused by Coccidioides immitis and Coccidioides posadasii, which are considered the most virulent among the pathogenic fungi [1, 2] . Approximately 60% of infected individuals are asymptomatic, while the remaining ones can develop acute or chronic pneumonia. Disseminated coccidioidomycosis including meningeal involvement can affect 1e5% of infected individuals and most frequently occurs in immunocompromised patients [2, 3] .
The treatment of coccidioidomycosis basically depends on the severity of the disease and the patient 0 s individual risk factors [4] .
In general, amphotericin B is reserved for severe cases, whereas azole derivatives, especially fluconazole and itraconazole, are used as consolidation therapy or as drug of choice for treatment of noncomplicated pulmonary disease [4] . Although guidelines are well established and the antifungals available are effective against Coccidioides spp., refractory disease is a matter of concern in the clinical management of patients with severe coccidioidomycosis [4e7]. In addition, amphotericin B cytotoxicity and drug-drug interactions between azoles and other coadministered agents are described as important issues in antifungal therapy [8, 9] .
Previously, we have shown that the hydrazone molecule N 0 -[(E)-1-(phenyl)ethylidene]pyridine-4-carbohydrazide has antifungal activity against Histoplasma capsulatum var. capsulatum [10] . In the present study we have developed isoniazid-derived hydrazones and evaluated their antifungal activity against another dimorphic fungal species, C. posadasii.
Materials and methods

Microorganisms
A total of 12 strains of C. posadasii isolated in Brazil were included in this study. Clinical strains (n ¼ 10) were recovered from patients with acute or chronic pulmonary disease; environmental strains (n ¼ 2) were isolated from soil samples in endemic areas. Isolates were identified by macro and micromorphological analysis, reactivation spherules in animal model [11] , immunodiffusion test with IDCF antigen (Immy Immunodiagnostics, USA) and PCR [12] . The strains were obtained from the fungal collection of the Specialized Medical Mycology Center (CEMM, Federal University of Cear a, Fortaleza, Brazil). All procedures were performed within a class II biological safety cabinet in a biosafety level 3 laboratory.
Synthesis of Schiff bases
The hydrazones were synthesized by a reaction between isoniazid (INH) and ketones, as described by de Aguiar Cordeiro et al. [10] . The compounds were prepared with three ketones (Aldrich and Sigma-Aldrich, Germany), one by reaction: acetophenone, 4 0 -methoxyacetophenone and 4 0 -methylacetophenone (0.003 mol each), and INH (0.006 mol) with 5.0 mL of ethanol. Compounds were characterized by high-resolution mass spectrometry (HR-MS) with a liquid chromatography MS-ion trap-time of flight (LCMS-IT-TOF) spectrometer (Shimadzu) and by nuclear magnetic resonance (NMR) with a Bruker Avance model X-ray diffraction (XRD) 500 spectrometer ( 1 H, 300 MHz; 13 C, 75 MHz) using deuterated chloroform (CDCl 3 ) and dimethyl sulfoxide (DMSO-d 6 ) as solvents.
Cytotoxicity assays
The cytotoxicity activity of the synthesized hydrazones was evaluated against human cell lines NCIH358M (bronchoalveolar lung carcinoma), PC-3M (metastatic prostate carcinoma), OVCAR-8 (ovarian cell carcinoma), and HB4a (breast epithelial cells), according to Berrigde et al. [13] . Cells were grown in RPMI-1640 medium with 10% fetal bovine serum, 2 mM of glutamine, 100 mg/mL of streptomycin and 100 U/mL of penicillin, and incubated at 37 C with 5% CO 2 atmosphere. For experiments, cells (1.0 Â 10 5 cells/well) were plated in 96-well microplates and then hydrazones (250 mg/mL in DMSO) were added to each well. Plates were incubated for 72 h at 37 C in a 5% CO 2 atmosphere. Control groups received the same amount of sterile DMSO. At the end of incubation period, the plates were centrifuged and the supernatant was removed. A volume of 150 mL of fresh medium containing 0.5 mg/mL of MTT was added to each well and the plates were reincubated for 3 h as described above. Formazan was dissolved in 150 mL of DMSO and the absorbance was measured using a multiplate reader at 595 nm.
Inoculum preparation for antifungal susceptibility testing
C. posadasii strains were grown on potato agar and incubated for 7 days at 25e28 C. Inoculum preparation as described elsewhere [14] . Tests were conducted with an inoculum of approximately 1e5 Â 10 3 colony-forming units/mL in RPMI 1640 medium buffered to pH 7.0 with 0.165 M MOPS (Sigma Chemical Co., USA) [14] .
In vitro susceptibility testing
INH and INH-derived hydrazones were evaluated as described by de Aguiar Cordeiro et al. [10] . Serial two-fold dilutions of each drug were prepared with RPMI medium and stored at À20 C. C. posadasii strains (n ¼ 12) were tested against each drug alone to determine the minimum inhibitory concentration (MIC) and the minimum fungicidal concentration (MFC). Drug concentrations ranged as follows: INH-derivatives, 3.9e2000 mg/mL [10] ; AMB, 0.007e4.0 mg/mL; ITC, 0.015e8.0 mg/mL; INH, 15-4000 mg/mL [14] .
Broth macrodilution testing was performed according to the CLSI guidelines [15] . All procedures were performed in duplicate and the results were read visually. As internal quality control for each test, Candida parapsilosis ATCC 22019 and Histoplasma capsulatum CEMM 03-02-090 were also included. Both strains were previously tested against INH-derived drugs (Cordeiro et al., 2014) . MIC endpoints were determined after 48 h at 35 C. For hydrazones, MIC was defined as the lowest drug concentration that caused 80% inhibition of visible fungal growth [10] . Regarding antifungals, MIC was considered as the lowest drug concentration that caused 100 and 80% inhibition of visible fungal growth for AMB and ITC, respectively [16] . The hydrazones' MFC values were defined as the lowest drug concentration at which there was no fungal growth, after subculturing 0.1 mL of the cellular suspension at concentrations above the MIC [10] .
Checkerboard macrodilution assay
Fungal strains were tested against six drug combinations formed by a hydrazone plus AMB or ITC, in a checkerboard assay [17] . Combinations were formed with each hydrazone at concentrations that ranged from 12.5 to 800 mg/mL or 0.0625e1.0 mg/mL for AMB or ITC. The MIC of each drug in combination was defined as the lowest concentration that caused 100% inhibition of fungal growth. Drug interactions were classified according to the fractional inhibitory concentration index e FICI [17] . Experiments were performed in duplicate in macrodilution assays.
Effect of INH-derived hydrazones on ergosterol content of C. posadasii
Total sterol quantification was performed as described by Moran et al. [18] , with adjustments. Strains of C. posadasii (n ¼ 12) previously grown on potato agar at 35 C for 7 days were transferred to RPMI 1640 medium supplemented with INH-derived hydrazones at 2xMIC, MIC and MIC/2 concentrations. Drug combinations formed by the synthesized hydrazones and other antifungals at MIC and MIC/2 concentrations were also tested. Cultures were incubated for 2 days at 35 C, after which the density of each fungal suspension was adjusted to 0.5 McFarland scale and then centrifuged at 9660g for 3 min. Cellular pellets were treated with 20% alcoholic KOH and total sterols were extracted with n-hexane. Absorbance readings of organic phase of each sample were performed at 295 nm.
Ergosterol quantification was performed by comparison with the standard curve obtained with commercial ergosterol (SigmaAldrich, Germany). All procedures were performed in duplicate. Controls were formed by fungal growth in RPMI 1640 medium without antimicrobials. Cultures treated with ITC at 2xMIC, MIC and MIC/2 concentrations were also included as controls.
Effect of INH-derived hydrazones on cell membrane permeability
The effect of INH-derived hydrazones on cell membrane permeability was analyzed as suggested by de Aguiar Cordeiro et al. [10] . After susceptibility testing with hydrazones alone, the cell content of each tube at MIC and MIC/2 concentrations was harvested by centrifugation at 13,416g for 15 min. Drug combinations formed by hydrazones and antifungals at MIC and MIC/2 concentrations were also tested. The experiments were conducted in duplicate; controls were formed by fungal cultures grown in RPMI medium without antimicrobials or supplemented with INH or AMB at both MIC and MIC/2 concentrations.
Statistical analysis
Results were evaluated by one-way analysis of variance (ANOVA) and Tukey's multiple comparisons post-test. A p-value < 0.05 was considered significant in all analyses. The statistical analyses were performed with GraphPad Prism 5.0 (GraphPad Software, San Diego, CA, USA).
Results
Hydrazone synthesis
A total of three INH-derived hydrazones were synthesized, with yields that ranged from 20.6 to 42.6%. Structural formula of each compound is shown in Fig. 1 . The molecular weights and empirical formulas of each compound were confirmed by high-resolution mass spectrometry (HR-MS). The hydrazones did not display cytotoxicity activity at 250 mg/mL.
Antifungal susceptibility
All the synthesized molecules were able to inhibit C. posadasii growth in vitro. Higher MICs were obtained with pMeOPhEINH and pMePhEINH, with values ranging from 400 to 100 mg/mL for both compounds. For PhEINH, MICs ranged from 25 to 100 mg/mL.
Further details regarding antifungal activity of each compound are shown in Table 1 . C. posadasii strains were also tested against antifungals and INH as quality control and showed the following MIC values (geometric mean): 0.105 mg/mL and 0.177 mg/mL for AMB and ITC, respectively, and 891.9 mg/mL for INH. C. parapsilosis ATCC 22019 showed MIC values in agreement CLSI guidance 15 .
Drug interactions between synthesized hydrazones and AMB proved synergistic to the majority of tested isolates, as follows: 7/12 for pMeOPhEINH and 11/12 for pMePhEINH and PhEINH. Regarding ITC, synergism was observed only when strains were tested against PhEINH (11/12). Indifferent interactions were detected for combinations formed by pMeOPhEINH plus ITC and pMePhEINH plus ITC (0/12). Details regarding MIC values and FICI of synergistic combinations are displayed in Table 2 .
Effect of INH-derived hydrazones on ergosterol content
Significant reduction of cellular ergosterol was observed when strains were challenged with the synthesized hydrazones at 2xMIC, MIC and MIC/2 concentrations (p < 0.05), as shown in Table 3 . PhEINH was able to reduce cellular ergosterol content more efficiently than pMeOPhEINH and pMePhEINH for each tested concentration (p < 0.05).
Significant decrease of fungal ergosterol content was also observed when strains were incubated with hydrazones combined with antifungals (p < 0.05), as shown in Table 3 . However, reduction in fungal ergosterol content was better with antifungals alone than combined with hydrazones (p < 0.05).
Effect of INH-derived hydrazones on cell membrane integrity
Among the synthesized compounds, only pMePhEINH at both MIC and MIC/2 concentrations was able to induce alterations of membrane permeability of C. posadasii cells (p < 0.05) ( Table 4) . Membrane integrity was also disturbed by INH at both MIC and MIC/2 concentrations; AMB was not able to induce the leakage of proteins or nucleic acids from fungal cells. pMePhEINH was more efficient alone than when combined with AMB or ITC (p < 0.05). There were no differences in the supernatant absorbing components when cells were treated with pMeOPhEINH and PhEINH alone or combined with AMB or ITC (p > 0.05), as shown in Table 4 .
Discussion
In recent years, several studies have focused on the development of antifungal drugs [19e22] . Among such compounds, [31] . In addition, hydrazones also display many pharmacological properties such as antiinflammatory, analgesic, anticancer, antiplatelet and anticonvulsant, besides broad antimicrobial activity [25] . In the present study C. posadasii strains were inhibited in vitro by the synthesized hydrazones pMeOPhEINH, pMePhEINH and PhEINH. The lowest MIC values were obtained with PhEINH e a phenyl hydrazone molecule. Interestingly, the presence of electron donating groups eCH 3 or eOCH 3 reduced the antifungal activity of those compounds.
In a previous study, we showed the antifungal potential of PhEINH against H. capsulatum, another dimorphic fungi. MICs ranged from 31.2 to 250 mg/mL for both filamentous and yeast forms [10] . The results presented here show that C. posadasii strains in the filamentous growth phase are more susceptible to PhEINH, presenting MICs that ranged from 25 to 100 mg/mL. All synthesized hydrazones were able to interact synergistically with AMB, 13.02 ± 0.77
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pMePhEINH þ AMB 11.76 ± 0.32
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11.93 ± 0.54 reducing the MIC values of this antifungal in vitro. Strong synergism between PhEINH and AMB against Histoplasma capsulatum has been previously demonstrated [10] . However, although synergism between hydrazone molecules and triazole has been described [32] , in the present study only PhEINH was able to interact synergistically with ITC. According to the results obtained in the present study, the synthesized hydrazones at supra MIC, MIC or infra MIC concentrations were able to reduce the cell content of ergosterol in C. posadasii, although to a lesser magnitude than ITC. Previous studies have demonstrated that hydrazones are able to inhibit of ergosterol biosynthesis of pathogenic fungi [10, 33, 34] , as well as the parasite Trypanosoma cruzi [35] . However it is important to emphasize that although combinations formed by the synthesized hydrazones and antifungals were able to reduce cell ergosterol in C. posadasii, they were not more efficient than ITC alone.
Among the synthesized hydrazones, unexpectedly only pMePhEINH altered the cell membrane permeability of the fungus, causing the release of 280 nm and 260 nm-absorbing molecules. However, this effect was not increased when pMePhEINH was combined with antifungals. Recently it was demonstrated that hydrazones are able to alter membrane permeability of H. capsulatum [10] and Candida spp. [34] . We suppose that pMeOPhEINH and PhEINH cause minor damage to C. posadasii cell membrane, allowing the escape of low weight compounds such as ionic particles. Further experiments should be performed to validate this hypothesis.
In conclusion, the present study showed that nontoxic INHderived hydrazones were able to inhibit C. posadasii cells in vitro, causing reduction of ergosterol content and alterations in the permeability of fungal membranes. The obtained results reinforce the antifungal potential of PhEINH against dimorphic fungi. Further experimentation should evaluate the effect of these compounds during experimental infection with C. posadasii.
Conflict of interest
None to declare.
